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Drag ﬁnishing of brass (Cu-30 wt.% Zn) rings using ﬂuidized abrasives, which is a new ﬁnishing tech-
nology, is comparatively evaluated with centrifugal disk ﬁnishing. The comparison was performed by
selecting the same abrasive granulates of two different sizes and operating the equipment for the same
processing time or at their respective maximum speeds. The experimental analysis investigated the
change in workpiece morphology, material removal during ﬁnishing and dimensional accuracy. The
results showed that each of the types of equipment investigated in the study were capable of a high
ﬁnishing performance with a relatively short processing time. However, ﬂuidized bed assisted drag
ﬁnishing was more effective than centrifugal disk ﬁnishing in both the achievable quality of the pro-
cessed parts and reduced processing time. In contrast, centrifugal disk ﬁnishing was preferable whenever
low erosion and stringent dimensional tolerances were demanded.
Copyright  2014, Karabuk University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Finishing processes in most manufacturing domains are
intrinsically controversial because they are generally considered
to be costly and time-consuming, and the machining steps have
an environmental impact; however, at the same time, these pro-
cesses are crucial in shaping the aesthetic and often functional
performance of the end-goods. Aurich et al. [1] detailed the role of
loose and bonded abrasive ﬁnishing processes in manufacturing,
thus emphasizing their impact through social, economic and
environmental points of view. Kalpakjian and Schmid [12]
emphasized that the cost of ﬁnishing operations depends on the
selected technologies (bonded or loose abrasives), processing time
and the surface ﬁnish required. They determined that the
machining cost of grinding or honing (0.05e0.1 mm average
roughness Ra) in which a bonded abrasive is used for processing
purposes could be up to a hundred times higher compared to that
of a conventional rough turning process (0.5e5 mm average
roughness Ra). Therefore, the surface ﬁnish speciﬁed for a5.
tta).
ity.
duction and hosting by Elsevier Bworkpiece should not be any ﬁner than necessary to allow for
appropriate functionality.
Additionally, automation plays an important role in ﬁnishing
operations. When possible, ﬁnishing is performed using an auto-
matic or semi-automatic working center by grinding, honing and or
lapping (planarization) with bonded abrasive tools (i.e., grinding
wheels, abrasive belts or clothes, honing tools, polishing pads).
When the geometry of the workpiece or the quantity of the
workpieces does not allow the automatic ﬁnishing of each indi-
vidual part or their small groups, a mass ﬁnishing is performed
using technologies with loose abrasives. The most common tech-
nologies are barrel, vibratory, centrifugal and drag ﬁnishing, where
automation is typically minimally used and processing time is
extremely long. Over the last few decades, signiﬁcant efforts have
been spent on justifying the use of equipment for mass ﬁnishing in
terms of productivity, energy consumption, environmental impact
and operational safety, as shown by the early studies of Komanduri
et al. [13] on ﬁne abrasive processes with an emphasis on material
removal in brittle workpieces. More recently, the comprehensive
analysis by Duﬂou et al. [8] summarized the state of the art energy
and resource efﬁciency increasing methods and techniques in the
domain of discrete part manufacturing. There have also been a few
attempts to explore the development of innovative and/or un-
precedented technological alternatives. The Academic has recently
proposed several modiﬁed mass ﬁnishing technologies, which.V. All rights reserved.
Fig. 1. Details of the rotary turntable and satellite stations.
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demonstrated the effect of workpiece rotation on the conven-
tional processes for rotary abrasive and magnetic ﬂow ﬁnishing. In
their 2009 study, Sankar et al. investigated the increased effec-
tiveness of the rotational abrasive ﬂow machining process
compared with the abrasive ﬂow machining process in terms of
achievable surface ﬁnishing and material removal. In their 2010
analysis, Sankar et al. used the rotational abrasive ﬂow machining
process on an Al alloy and an Al alloy/SiC metal matrix composite,
thus demonstrating the improved performance of the proposed
technology. Additional analyses focused on barrel, vibratory and
centrifugal ﬁnishing. Davidson [7] presented a method for con-
verting these technologies to “green” processes by designing
innovative dry abrasive and polishing media that do not leave
highly pollutant wet residuals after the ﬁnishing cycle. Further-
more, ultrafast ﬁnishing processes (spin or spindle ﬁnishing) were
introduced to the market, although these processes essentially
focus on the machining of axial-symmetric or approximately axial-
symmetric parts. Abrasive ﬂuidized beds were also recently pro-
posed in the scientiﬁc and technical studies conducted by Barletta
[2]. The author reviewed the potential applications of the abrasive
ﬂuidized bed, emphasizing the high performance of the designed
systems in processing parts with simple geometry. Barletta and
Guarino [4] demonstrated that ﬂuidized bed equipment could be
highly effective at ﬁnishing brass rings, but the process was less
effective when applied to tridimensional complex shapes, which,
according to Barletta [3], should be ﬁnished at high standards while
respecting the dimensional and shape tolerances. In contrast, ﬂu-
idized bed assisted drag ﬁnishing has the potential to be a rapid
ﬁnishing process with low environmental impact and the ability to
ﬁnish at high standards, even for complex shapes or delicate ma-
terials. In the current study, a comparison between ﬂuidized bed
assisted drag and centrifugal ﬁnishing of brass (Cu-30 wt.% Zn)
rings was proposed. The comparative evaluation was conducted by
selecting the same abrasive type (i.e., nutshell granulates) of two
different sizes and operating the equipment for the same pro-
cessing time or, alternatively, at their respective maximum speeds.
The experimental analysis involved the combined use of ﬁeld
emission gun scanning electron microcopy and contact gauge
proﬁlometry to study the evolution of the workpiece morphology
during each step of the ﬁnishing process, thus providing visual
appearance and roughness parameters for the processed parts.
High-resolution digital scales and coordinate measurement ma-
chines were used to monitor material removal and loss of dimen-
sional accuracy of the workpiece. The results showed that the
investigated technologies both ensured a high ﬁnishing standard of
the brass rings with a relatively short processing time and minimal
erosion when the appropriate parameters were set. However, the
overall performance of the workpieces processed using ﬂuidized
bed assisted drag ﬁnishing was better compared to those processed
using centrifugal disk ﬁnishing in either achievable quality (espe-
cially surface roughness) or reduced processing time. In contrast,
the results showed that centrifugal disk ﬁnishing was preferable
whenever low erosion and stringent dimensional tolerances of the
processed parts were demanded.
2. Experimental
2.1. Materials
Several rings, 10 mm long, were cut off from a 6 m long brass
pipe (Cu-30 wt.% Zn) that was 21 and 25 mm in inner and outer
diameter, respectively. The rings were machined using high speed
turning to tailor their starting surface morphology with an average
roughness Ra of approximately 3 mm. The feed rate, depth of cut andcutting speed during turning were kept constant at 0.18 mm/min,
0.25 mm and 250 m/min, respectively.
Walnut shell granulates of two different sizes were impreg-
nated with a ﬁnishing abrasive paste. The smaller granulate
(Nutshell L003, Pai Cristal, Domegge di Cadore, Italy) was char-
acterized by a granulometric distribution in the range of 0.4e
0.8 mm. The larger granulate (Nutshell L099, Pai Cristal, Domegge
di Cadore, Italy) was characterized by a granulometric distribution
in the range of 2.2e3.0 mm. The granulates were impregnated
with a grinding paste (MS, Pai Cristal, Domegge di Cadore, Italy)
made from ﬁne-medium abrasive particles (in the range of a few
microns) and designed to perform rapid ﬁnishing processes with a
remarkable erosion rate.
2.2. Equipment
The equipment used for drag ﬁnishing assisted by a ﬂuidized
bed combines the typical features of the ﬂuidized bed with a device
commonly designed to implement the planetary motion of the
workpiece necessary for drag ﬁnishing operations. The movement
system is described in Fig. 1. The system features a rotary turntable
and three satellite stations. The satellite features a vertical shaft
with a clamp to hold the ring, as indicated in Fig. 2.
When the system is activated, the turntable starts rotating, and
the belt-pulley system transfers the motion to the satellite stations
(w2.2:1 multiplication). The brass rings clamped to the vertical
shaft of the satellite stations are maneuvered into the processing
position (i.e., vertical axis of the ring parallel to the vertical shaft of
the satellite) by the action of the centrifugal force. The ring remains
in a quasi-static horizontal position because it can only vibrate or
rotate at a negligible speed around its own axis. The pattern of a
generic point on the outer surface of the ring during its motion can
be accurately described by the following equations of the
epitrochoid:
xðqÞ ¼ ðRsolar þðrsatellite þ iÞÞcos q d$cosððRsolar þ ðrsatellite þ iÞÞ
=ðrsatellite þ iÞqÞ
(1)
yðqÞ ¼ ðRsolarþ ðrsatellite þ iÞÞsin q d$sinððRsolar þ ðrsatellite þ iÞÞ
=ðrsatellite þ iÞqÞ
(2)
An epitrochoidal pattern is a roulette traced by a point attached
to a circle of radius r rolling around the outside of a ﬁxed circle of
radius R, where the point itself is located at a distance d from the
center of the exterior circle. In this case, R is the radius of the solar
Fig. 2. 3d view of the ﬂuidized bed assisted drag ﬁnishing equipment and clamping device.
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with the shortest distance i between the periphery of the solar and
satellite pulleys (Fig. 1); and d is the distance between the generic
point on the outer surface of the brass ring and the center of the
satellite pulley. The workpiece surface, whose pattern is described
in Fig. 3, comes into contact with the ﬂuidized abrasive. The epi-
trochoidal pattern of the workpiece generates an intricate network
with the abrasive, thus ensuring the utmost uniformity of the
contact and, accordingly, the best performance of the resulting drag
ﬁnishing.
In this case, the typical processing bowl of drag ﬁnishing is
replaced with a ﬂuidized bed. As reported by Barletta [2] the
device is basically a conventional ﬂuidized bed designed for ﬁn-
ishing purposes. The system features a ﬂuidization chamber
(350 mm in diameter and 350 mm in height). At the bottom of the
chamber, a tissue strong enough to sustain the abrasives when
not ﬂuidized, but still porous, is used to allow enough airﬂow to
the system to ensure the ﬂuidization process. The ﬂuidization
chamber is preloaded with the abrasive media prior to the ﬁn-
ishing process. An airﬂow of approximately 300 m3/h is supplied
to the ﬂuidization chamber and suspends the granulates based on
the ﬂuidization theory ﬁrst introduced by Richardson [15]; andFig. 3. Typical pattern of a point on the outer surface of the workpiece.subsequently by Kunii and Levenspiel [14]. A minimum ﬂuidiza-
tion regime, i.e., a regime that is activated by supplying the
minimum airﬂow necessary to suspend each individual granulate,
is set. In minimum ﬂuidization, the ﬂuidized bed is considered to
be quasi static with respect to the ﬂuidization chamber. However,
each individual particle has an intrinsic motion, which is gener-
ally deﬁned as chaotic but deterministic. The motion is chaotic
because the trajectory described by each particle cannot be pre-
dicted. However, the motion is deterministic because the particles
always return to their respective starting positions within a pre-
dictable time range.
In fact, the speed of each individual particle can be considered
negligible when compared with the typical speed of the workpiece
surface during its epitrochoidal pattern. Fluidized bed assisted drag
ﬁnishing can be schematized summarized as the result of the
impact of the moving workpiece surface with a quasi-static abra-
sive medium. Thus, the signiﬁcant beneﬁt of the ﬂuidization
chamber can be attributed to the extremely low resistance offered
by the abrasive medium to the advancing workpiece surface. This
beneﬁt simpliﬁes the design of the beltepulley system, allowing
the use of a low power electrical motor.
The centrifugal disc ﬁnishing process is performed in an open-
top cylindrical container that can rotate around its vertical axis.
During operation, workpieces are dipped into an abrasive medium,
where they rotate at a high speed and create a toroidal effect. The
equipment used to perform the experimental tests was a com-
mercial unit (Eco-Maxy Dry Series, Otec, Straubenhardt-
Feldrennach, Germany). The container volume was 6 l, i.e.,
360 mm in width, 350 mm in depth and 490 mm in height.
2.3. Workpiece processing and characterization
The experimental analysis focuses on the comparison of ﬂuid-
ized bed assisted drag ﬁnishing and centrifugal ﬁnishing. The
technologies were compared at constant processing time (i.e., to
evaluate the ﬁnishing potential) and maximum eroding potential
(i.e., to evaluate the minimum processing time achievable). The
experimental schedule is summarized in Table 1. The rotating
speeds of the turntable were set at 50, 100 and 150 rev/min by
controlling the setting of the electrical motor (0.85 kW nominal
power) with an inverter. Two different sizes of abrasive granulates
were used during ﬁnishing while the ﬁnishing time had a wide
operational range (0e9 h).
Table 1
Experimental schedule.
Drag ﬁnishing Nutshell L003 Nutshell L099
Rotating speed, rev/min 50 100 150 50 100 150
Processing time, h 3 6 9 1 2 3 1 2 3 3 6 9 1 2 3 1 2 3
Centrifugal ﬁnishing Nutshell L003 Nutshell L099
Rotating speed, rev/min 280 280
Processing time, h 3 6 9 3 6 9
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granulate inside the ﬂuidization chamber, clamping the brass rings
to the holding system of the satellite stations and supplying
(blower, 1.5 kW nominal power) the ﬂuidization air necessary to
achieve a ﬂuid-like state. Then, the turntable was shifted down into
the ﬂuidization chamber to ensure the immersion of the workpiece
in the ﬂuidized granulates. The rotating speeds of the movement
systems were set and the drag ﬁnishing process was started. When
the ﬁnishing time elapsed, the device was stopped, and the work-
piece was removed from the chamber. The workpiece was washed
in an ultrasonic bath (Flac LB523 LT, Falc Instruments, Treviglio,
Italy) consisting of an alcoholic solution, blow-dried and scheduled
for characterization tests.
The experimental tests, which involved centrifugal ﬁnishing,
were performed by setting the rotating speed at 280 rev/min and
varying the processing time from 3 to 9 h. For drag ﬁnishing, two
different sizes of walnut shells were selected. The tests were per-
formed by preloading the abrasive granulates and workpiece inside
the container. Then, the system was switched on, and the high
rotational speed activated a toroidal pattern of the workpiece in-
side the abrasive medium, thus determining the ﬁnishing process.
A Field Emission Gun e Scanning Electron Microscope (FEG-
SEM Supra 35, Zeiss, Oberkochen, Germania) was used to take high-
resolution images of the workpiece before and after the drag ﬁn-
ishing process. Three-dimensional morphologies of the surfaces
were achieved using the contact inductive gauge of a CLI proﬁler
(TalySurf CLI 2000, Taylor Hobson, Leicester, United Kingdom).
Three-dimensional maps of the surface morphology were rebuilt
by storing 2000 proﬁles for each sample, with a resolution of 1 mm
along the measurement direction, 1 mm along the perpendicular
direction and covering an area 2  2 mm2. Roughness parameters
were calculated for 40 proﬁles (0.5 mm resolution) that were 6 mm
long. The stored proﬁles were elaborated using the TalyMap soft-
ware release 3.1. Furthermore, this measure allowed the evaluation
of the primary roughness parameters. A digital scale (Ohaus
PA214C, Ohaus Corporation, Parsippany, New Jersey, USA) was used
to monitor the removal of material during the ﬁnishing process.
Lastly, a dimensional analysis was performed using a coordinate
measuring machine (DEA HEXAGON Global Classic 05.05.05, Cob-
ham, United Kingdom). The radii of the workpieces were measured
before and after ﬁnishing to evaluate the dimensional accuracy
after processing.
3. Results and discussion
3.1. Analysis of the surface morphology and roughness
Fluidized bed assisted drag ﬁnishing acts by the repeated impact
of the suspended abrasives on the surface of the workpiece along
their epitrochoidal pattern. The result of the comparative evalua-
tionwith centrifugal ﬁnishing is summarized in Figs. 4 and 5, which
provide SEM images and 3Dmaps of the evolution of theworkpiece
morphology after the different steps of the manufacturing process,
as presented in Table 1. Table 2 summarizes the corresponding
roughness parameters and material removal.The ﬁnishing processes modify the starting morphology of the
turned workpiece by progressively eliminating the machining
stripes and obtaining a smooth or fairly smooth surface based on
the setting of the operational parameters. The results of the drag
and centrifugal ﬁnishings can be compared at constant processing
time or performing at their maximum respective speeds (i.e.,
150 rev/min for ﬂuidized bed assisted drag ﬁnishing and 280 rev/
min for centrifugal ﬁnishing). Fig. 4aec and meo presents the SEM
images of the workpiece morphology after 3, 6 and 9 h of pro-
cessing time with the smallest abrasive granulate at 50 (ﬂuidized
bed assisted drag ﬁnishing) and 280 rev/min (centrifugal ﬁnishing).
The corresponding 3Dmaps can be found in Fig. 5. A slow evolution
of the workpiece morphology is noted, with the machining stripes
still clearly apparent after both 3 and 6 h of processing time (Ra
always over 0.5 mm). With centrifugal ﬁnishing (Ra close to 0.2 mm),
the machining stripes start to disappear after 9 h; however, with
ﬂuidized bed assisted drag ﬁnishing, the process is slower, and a
fewmachining traces are still visible on the surface (Ra> 0.3 mm). In
this comparison, the material removal during drag ﬁnishing was
comparable with that during centrifugal ﬁnishing, thus indicating a
slightly higher eroding potential but only after longer processing
times (0.45% after 9 h).
An increase in the size of the abrasive granulate inﬂuences the
effectiveness of the two ﬁnishing technologies. An abrasive gran-
ulate with a larger mass is more beneﬁcial to drag ﬁnishing, where
themachining stripes of the turned workpiece disappear rapidly. In
fact, after 6 h, the machining stripes of the workpiece processed
using drag ﬁnishing are very thin and completely disappear after
9 h (Figs. 4def and 5). In contrast, centrifugal ﬁnishing was
observed to start rather rapidly, and, after 3 h, the machining
stripes are reduced (Figs. 4p and 5). The machining stripes are still
visible on the workpiece after 6 h of centrifugal ﬁnishing, and they
only disappear after 9 h (Figs. 4qer and 5). The average roughness
corroborates the results of the SEM images and 3D maps of the
morphology. For ﬂuidized bed assisted drag ﬁnishing, Ra falls below
0.5 mm after 3 h and to approximately 0.28 and 0.21 mm after 6 and
9 h, respectively. For centrifugal ﬁnishing, after the ﬁrst step, Ra
remains at 0.8 mmbut decreases to 0.31 and 0.25 mmafter 6 and 9 h,
respectively. The eroding potential of the two technologies is
extremely different when the largest abrasive granulate is involved.
For ﬂuidized bed assisted drag ﬁnishing, the material removal is
extremely fast (1% after 6 h and nearly 2% after 9 h) despite the data
referring to the slowest rotating speeds of the turntable. The cen-
trifugal ﬁnishing process features the slowest eroding potential,
with material removal averaging at 0.35, 0.7 and 1.4% after 3, 6 and
9 h, respectively. An increase in the rotating speed of the rotary
turntable in the ﬂuidized bed assisted drag ﬁnishing process en-
hances the eroding potential of the technology (Figs. 4gel and 5).
The slowest processing times of 1e3 h avoid over-ﬁnishing of the
workpiece. When the ﬁnishing process involves the small abrasive
granulate, the machining stripes of the turned workpiece decrease
after 1 h of processing time and completely disappear after 2 h.
When the ﬁnishing process involves the large abrasive granulate,
the machining stripes are unnoticeable after just 1 h. Using the
smallest abrasive granulate, Ra decreases to 0.38 mm after 1 h and to
Fig. 4. SEM of the workpiece morphology after processing: (a) drag ﬁnishing, nutshell L/003, 50 rev/min, 3 h; (b) drag ﬁnishing, nutshell L/003, 50 rev/min, 6 h; (c) drag ﬁnishing,
nutshell L/003, 50 rev/min, 9 h; (d) drag ﬁnishing, nutshell L/099, 50 rev/min, 3 h; (e) drag ﬁnishing, nutshell L/099, 50 rev/min, 6 h; (f) drag ﬁnishing, nutshell L/099, 50 rev/min,
9 h; (g) drag ﬁnishing, nutshell L/003, 150 rev/min, 1 h; (h) drag ﬁnishing, nutshell L/003, 150 rev/min, 2 h; (i) drag ﬁnishing, nutshell L/003, 150 rev/min, 3 h; (j) drag ﬁnishing,
nutshell L/099, 150 rev/min, 1 h; (k) drag ﬁnishing, nutshell L/099, 150 rev/min, 2 h; (l) drag ﬁnishing, nutshell L/099, 150 rev/min, 3 h; (m) centrifugal ﬁnishing, nutshell L/003,
280 rev/min, 3 h; (n) centrifugal ﬁnishing, nutshell L/003, 280 rev/min, 6 h; (o) centrifugal ﬁnishing, nutshell L/003, 280 rev/min, 9 h; (p) centrifugal ﬁnishing, nutshell L/099,
280 rev/min, 3 h; (q) centrifugal ﬁnishing, nutshell L/099, 280 rev/min, 6 h; (r) centrifugal ﬁnishing, nutshell L/099, 280 rev/min, 9 h.
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Fig. 5. 3d maps of the workpiece morphology after drag and centrifugal ﬁnishing varying abrasive, rotating speed and processing time.
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granulate, Ra decreases to 0.23 mm after a 1 h processing time and
does not improve further. In contrast, after 3 h, Ra slightly increases
to 0.25 mm, thus starting a general trend to over-ﬁnishing when the
fastest rotating speeds are used in ﬂuidized bed assisted drag ﬁn-
ishing. In fact, the eroding potential is extremely high, and using
the largest abrasive and the fastest rotating speed leads to aTable 2
Roughness parameters and analysis of material removal.




Nutshell L003 50 rpm 3 h 1.40
6 h 1.24
9 h 0.31
100 rpm 1 h 0.99
2 h 0.46
3 h 0.21
150 rpm 1 h 0.37
2 h 0.20
3 h 0.17
Nutshell L099 50 rpm 3 h 0.48
6 h 0.28
9 h 0.21
100 rpm 1 h 0.59
2 h 0.23
3 h 0.25
150 rpm 1 h 0.23
2 h 0.23
3 h 0.25
Centrifugal ﬁnishing Nutshell L003 280 rpm 3 h 1.34
6 h 0.50
9 h 0.22
Nutshell L099 280 rpm 3 h 0.79
6 h 0.30
9 h 0.25material removal over 1% after just 1 h of processing time and to a
slightly less than unacceptable 4% after 3 h. The use of the smallest
abrasive combined with the fastest rotating speeds reduces the
eroding potential of the ﬂuidized bed assisted drag ﬁnishing pro-
cess, with the percentage of material removal averaging at 0.4 and
0.8% after 1 and 2 h, respectively. After 3 h of processing time, the
material removal averages at a warning threshold of 2%.Starting weight, g Final weight, g Removal rate, mg/h Percentage loss, %
e e e e
7.584 7.573 37 0.148
7.562 7.549 21 0.171
7.557 7.525 35 0.4191
7.575 7.561 135 0.1785
7.571 7.546 127 0.335
7.566 7.502 211 0.839
7.559 7.525 338 0.447
7.568 7.510 289 0.765
7.552 7.403 495 1.967
7.571 7.509 206 0.818
7.565 7.489 126 1.003
7.576 7.435 156 1.859
7.582 7.514 676 0.891
7.576 7.494 408 1.078
7.583 7.395 627 2.480
7.534 7.456 780 1.035
7.561 7.438 618 1.634
7.555 7.272 941 3.739
7.578 7.571 21 0.085
7.569 7.551 29 0.236
7.558 7.523 38 0.456
7.552 7.524 95 0.378
7.570 7.515 92 0.733
7.551 7.444 118 1.417
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The eroding potential of the ﬂuidized bed assisted drag ﬁnishing
process is high, especially when operated at the fastest 150 rev/min
rotating speed, and is attributed to the different hydrodynamic
behaviors of the abrasive granulate in the processing bowl. During
ﬂuidization, the abrasive granulates are in a ﬂuid-like state, and the
workpiece follows a modiﬁed epitrochoidal pattern among them.
The impacts with the granulates take place at a high speed, which is
ingenerated by the difference between theworkpiece speed related
to the set rotating speed and the quasi-static abrasive. In the cen-
trifugal ﬁnishing process, the workpiece is dipped into the abrasive
granulates, as described by Davidson [6]. The difference in the size
and shape of the abrasive and the workpiece activates the sub-
stantial relative motion between them. However, despite the
moderately high rotation speed of the bowl in centrifugal ﬁnishing
(280 rev/min) process, the relative speeds between the abrasive
and the workpiece are expected to be lower because it is only the
result of the difference in the system force acting on the abrasive
medium and on the heavier and larger workpiece, as emphasized
by Hashimoto [11]. The impact speed combined with the mass of
the abrasive particle regulates the kinetic energy that each indi-
vidual granulate releases onto the workpiece surface. Once the
abrasive granulate is selected, the eroding potential of the two
technologies is regulated by the impact speeds between the abra-
sive and theworkpiece. The higher the impact speed, the higher the
energy that is released after each impact of the abrasive onto the
workpiece.
Brach [5] and Sundararajan [20] studied the contact mechanics
of an eroding particle impinging on a solid surface. They found that
kinetic energy of the impact with the solid interface is converted to
strain energy inside the impinged material, except for the part that
is dissipated by friction and the part restituted with the bouncing
back of the abrasive granulate. In particular, when the strain energy
is high enough to induce a permanent deformation in the impinged
material, the impact can generate a residual pattern on theFig. 6. The mechanism of pile-up formatioworkpiece surface (usually a crater or a scratch depending on the
impact angle). If the impinged material displays a “pure” strain
hardening response after the impact (ds/dε > 0, Fig 6a), a gener-
alized permanent deformation occurs with the onset of a wide and
shallow groove. In contrast, when the impinged material presents a
“neutral” deformation behavior characterized by ds/dε¼ 0 (Fig 6b),
the substrate displays a highly localized permanent deformation in
the form of small ridges, which protrude from the surface around
the impact with the abrasive (Fig. 6b). In fact, when the permanent
deformation inside the impinged material exceeds a critical strain
value, the residual pattern is composed of a wider and shallower
groove often surrounded by a small adjoining pile-up (Fig. 6c).
Critical strain was identiﬁed by Sundararajan and Shewmon [21] in
an early theoretical study. They related critical strain to an impact
load high enough to generate a net strain hardening (ds/dε > 0, Fig
6c) of the material after impact with the eroding particle at low
strain (i.e., portion of the material farther from the impinged sur-
face) and a concurrent net strain softening (ds/dε < 0, Fig 6c)
response at higher strains (i.e., closer to the impinged surface and
attributable to the rise in the temperature of the highly deformed
material at the high strain rates relevant to erosion). Accordingly,
when the critical strain is exceeded, an overall plastic deformation
of the impinged zone (i.e., the result of the overall net strain
hardening) is generated inside the solid substrate with a more
localized deformation in the form of a pile-up (i.e., the result of the
local net strain softening) surrounding the crater or scratch pro-
duced during the normal or oblique impact with the eroding par-
ticle (Fig. 6c). Later, these theoretical ﬁndings were supported by
experimental evidence when the model was veriﬁed by Singh et al.
[19] for the erosion of stainless steels at room temperature using
solid particles. The onset of the pile-up is crucial to explain the
mechanisms of material removal in the ﬁnishing of ductile metals
with loose abrasive particles. In fact, the pile-ups can be removed
from the bulk of the ﬁnished material using two different mecha-
nisms: (i) the typically slim geometrical shape of the pile-ups offers
a small resistant section to the incoming abrasive granulate, whichn and the deﬁnition of critical strain.
Fig. 7. Roughness proﬁle after ﬂuidized bed assisted drag ﬁnishing operated with the
lowest rotating speed (50 rev/min) of the turntable and after centrifugal ﬁnishing.
Fig. 8. Roughness proﬁle after ﬂuidized bed assisted drag ﬁnishing operated with the
smallest abrasive granulate (L/003) and at variable rotating speed.
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shown in the innovative studies performed by Finnie [9] and Finnie
and McFadden [10]; (ii) each individual and effective impact be-
tween the abrasive granulate and the workpiece not only induces a
permanent deformation in the impinged material but also im-
presses a compressive residual stress ﬁeld; when the abrasive
granulate bounces back, an inertial tensile stress ﬁeld arises inside
the impinged portion of the material, as emphasized on aluminum
alloys by Shewmon [18]. Shewmon emphasized that if the inertial
tensile stress exceeds the ultimate strength of the pile-up material,
it can spontaneously detach from the material surface and favor
material removal.
On one hand, the eroding potential of a technology can be
extremely useful because it can result in a shorter processing cycle
and reduced operating costs. On the other hand, this potential
should be accurately controlled to avoid major drawbacks such as
the over-ﬁnishing of the workpiece surface. Over-ﬁnishing the
surface signiﬁes that it has been spoilt by overwhelming erosion. In
the current study, the smallest abrasive (L003) used in the ﬂuidized
bed assisted drag ﬁnishing process and at the lowest speed of
50 rev/min features an eroding potential (approximately 0.04%
mass loss/hour) that is too low. Not even a 9 h processing time
could achieve an acceptable roughness (it remains above the
threshold of 0.3 mm, i.e., higher than the 10% of the starting
roughness of the as-turned workpiece). The smallest abrasive
coupledwith the highest speed of 150 rev/min features a signiﬁcant
eroding potential (0.4e0.45% mass loss/hour during the ﬁrst two
steps of the ﬁnishing process that increases to a severe “over 1%”
during the third step) when using the ﬂuidized bed assisted drag
ﬁnishing process, with an acceptable roughness of approximately
0.2 mm or lower in 2e3 h of processing time. The largest abrasive
(L099) used in the ﬂuidized bed assisted drag ﬁnishing process and
the lowest speed of 50 rev/min features an eroding potential (0.2e
0.3% mass loss/hour) that is still quite low. In fact, it takes an
extremely long time (9 h) to reach the acceptable roughness
threshold of 0.2 mm. The largest abrasive (L099) used in the ﬂuid-
ized bed assisted drag ﬁnishing process with the fastest speed of
150 rev/min features an eroding potential that is too severe from
the ﬁrst ﬁnishing step (over 1.0% mass loss/hour). The corre-
sponding roughness decreases quickly (Ra is approximately 0.24 mm
after just 1 h) but always remains well over the threshold of 0.2 mm
(by 15% or more) regardless of the processing time. Over-ﬁnishing
of the workpiece surface is thus apparent. A processing time
shorter than 1 h could be attempted, but the manageability and
reliability of a ﬁnishing process with such a high eroding potential
is always complicated, even if fairly short cycles are set.
The eroding potential of the centrifugal ﬁnishing process is al-
ways lower. When it is performed with the smallest abrasive, the
eroding potential is extremely low (0.03e0.05% mass loss/hour),
and it requires a long processing time (9 h) for the corresponding
roughness to reach the threshold of 0.2 mm. When centrifugal ﬁn-
ishing is performed with the largest abrasive, the eroding potential
increases (0.12e0.15% mass loss/hour). This increase reﬂects the
faster improvement of the roughness against processing time
because the ﬁnal roughness remains signiﬁcantly above (25%) the
threshold of 0.2 mm in each case.
3.3. Analysis of the roughness proﬁles and dimensional changes
The mechanisms by which the material is removed from the
workpiece surface can be better understood if it is interpreted in
light of the evolution of the roughness proﬁles shown during the
ﬁnishing process under different operating conditions. Fig. 7 pre-
sents a comparison of the evolution of the roughness proﬁle during
ﬂuidized bed assisted drag ﬁnishing and centrifugal ﬁnishing, withthe former technology operating at the lowest rotating speed of
50 rev/min.
As previously mentioned, the eroding potential of the two
technologies is comparable only when ﬂuidized bed assisted drag
ﬁnishing is performed at 50 rev/min. In this case, the proﬁle of the
turned workpiece evolves in a similar fashion during both ﬁnishing
processes. Thewave-like proﬁle of the as-turned surface reduces its
amplitude; however, the spacing is maintained after the initial
machining steps (3 h processing time) using the smallest abrasive.
In contrast, when both types of equipment operate using the largest
abrasive, the ﬁrst machining step is sufﬁcient to cause either a
reduction in the amplitude of thewave-like trends of the roughness
proﬁle or a change in the spacing. In this last case, the initial wave
form of the workpiece morphology after turning is already
completely lost. The proﬁles are thus smooth with smaller asper-
ities, which are distributed along the proﬁle andwhose shapes are a
reminder of the starting surface morphology. Increasing the pro-
cessing time from 3 to 6 h produces a slight improvement in the
morphology with the establishment of a smoother proﬁle, whose
shape is close to the one achieved after the initial machining steps.
After a 9 h processing time, the evolution of the roughness proﬁle is
extremely signiﬁcant, regardless of the abrasive type and technol-
ogy involved. The proﬁles are all moderately smooth and do not
Fig. 9. Roughness proﬁle after ﬂuidized bed assisted drag ﬁnishing operated with the
biggest abrasive granulate (L/099) and at variable rotating speed.
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The initial amplitude is completely ﬂattened, and a certain residual
coarseness can only be distinguished in the ﬂuidized bed assisted
drag ﬁnishing process operating with the smallest abrasive
granulate.
Figs. 8 and 9 present the trends of the roughness proﬁle achieved
after ﬂuidized bed assisted drag ﬁnishing operating with different
abrasives and, above all, three different turntable rotating speeds
(50, 100 and 150 rev/min). When the equipment is used with the
smallest abrasive grains, a rotating speed of 100 rev/min and a 1 h
processing time is necessary to achieve sufﬁcient eroding potential
and the rapid evolution (i.e., smoothing) of the starting wave-like
roughness proﬁle of the turned workpiece. When the largest abra-
sive granulate is involved, the evolution of the as-turned roughness
proﬁle is already quite fast at 50 rev/min, where a 3 h processing
time is enough to cause a certain smoothing of thewave-like formof
the as-received workpiece. When the ﬂuidized bed assisted drag
ﬁnishing process uses the smallest abrasive granulate, the satura-
tion of the roughness proﬁles, i.e., their smoothing up to lost
memory of the initial shape of the as-turnedworkpiece, occurs after
1 and 2 h of processing time at 150 and 100 rev/min, respectively. In
contrast, when theﬂuidized bed assisted dragﬁnishing process uses
the largest abrasive granulate, saturation of the roughness proﬁles,
i.e., their smoothing up to lost memory of the initial shape of the as-
turned workpiece, occurs immediately at the highest speed of
150 rev/min and after 1 h and at least 6 h of processing time at 100
and 50 rev/min, respectively.Fig. 10. Analysis of the dimensional change after drag and centrifugal ﬁnishing:
reduction in the outer radius of the workpiece varying the operational parameters.Fig. 10 summarizes the data for the reduction in the radii of the
ﬁnished workpiece under different operating conditions with the
two investigated processes. The results corroborate the aforemen-
tioned experimental ﬁndings regarding the evolution of the
roughness proﬁle. The radii of the workpieces are reduced identi-
cally or similarly by centrifugal ﬁnishing and ﬂuidized bed assisted
drag ﬁnishing operating at the slowest rotating speeds. In contrast,
when ﬂuidized bed assisted drag ﬁnishing is operated at 100 or
150 rev/min, the loss of dimensions of the workpiece during the
ﬁnishing process is more signiﬁcant and becomes enormous when
set to the maximum speed. In that case, the reduction in workpiece
radii can average approximately 25 mmwhen the smallest abrasive
granulate is selected. If the largest granulate is combined with the
highest rotating speed in the drag ﬁnishing process, the reduction
in the radius of the workpiece can even approach 50 mm, thus
conﬁrming the eroding potential of this operating scenario.
4. Conclusions
The current study comparatively evaluates the ﬁnishing of brass
rings (Cu-30 wt.% Zn) with a ﬂuidized bed assisted drag ﬁnishing
process and a conventional centrifugal ﬁnishing process. The
changes in the visual appearance andmorphology of the workpiece
are investigated and the relevant ﬁnishing mechanisms are
proposed.
Based on the experimental results, the following conclusions
can be drawn:
 drag ﬁnishing assisted by ﬂuidized bed is more convenient than
centrifugal ﬁnishing because the ﬂuidized abrasive medium
exerts a reduced opposition to the advancing workpiece, thus
allowing the design of the device to be simpliﬁed and the
reduction of energy required to obtain a sufﬁcient eroding po-
tential for ﬁnishing purposes;
 although an increase in the impact speed between the abrasive
and the workpiece can increase the eroding potential and
accelerate smoothing of the initial morphology, excessively high
speeds can be detrimental to the processed parts whose surface
can be over-ﬁnished by impacts with high kinetic energy. This
over-ﬁnishing is more likely to occur in the case of ﬂuidized bed
assisted drag ﬁnishing because of the faint opposition the
abrasive medium exerts on the exposed face of the workpieces
along their prescribed patterns;
 the energy of the abrasive granulate, which is converted to en-
ergy strain once impinged on the workpiece surface, is the key
to the ﬁnishing process. The energy strain must be sufﬁciently
high to overcome the critical strain threshold of the processed
material, thus giving rise to local plastic deformations and
subsequent erosion by micro-cutting;
 the trends of average roughness, mass loss and changes in
workpiece radii are related to the operating settings of the
equipment. In particular, a higher erosion rate, which leads to
out-of-tolerances, can often occur when the highest rotating
speed is combined with the largest abrasive in ﬂuidized bed
assisted drag ﬁnishing. In contrast, centrifugal ﬁnishing is
slower to yield smoothing of the workpiece after turning.
Nevertheless, centrifugal ﬁnishing is an easy-to-control process,
with reduced erosion rates and limited dimensional changes.
In conclusion, low energy requirements, lack of any residuals
after processing and rapid operations make the ﬂuidized bed
assisted drag ﬁnishing process industrially sustainable and prom-
ising in several manufacturing domains where the utmost quality
and uncompromised performance are stringent requirements.
However, attention must be given when setting the operating
M. Barletta et al. / Engineering Science and Technology, an International Journal 17 (2014) 63e7272parameters when a low erosion rate and minimal dimensional
changes of the workpiece after ﬁnishing are essential prerequisites.References
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